Introduction
============

Colorectal cancers (CRCs) are amenable to a high degree of prevention through diet [@B1]-[@B8]. The protective effect of dietary fiber has been attributed to its fermentation product, butyrate, a histone deacetylase inhibitor (HDACi) [@B9],[@B10]. HDACis induce cell cycle arrest, differentiation, and/or apoptosis of CRC cells [@B11]-[@B16]. In CRC cells with mutations in the WNT/beta-catenin (WNT/catenin) signaling pathway, butyrate hyper-activates WNT/catenin activity, and this hyperinduction is causally linked to the apoptosis of the CRC cells exposed to the agent [@B1],[@B2],[@B17].

In the absence of activating mutations, WNT/catenin signaling is initiated by the binding of WNT ligands to their cell surface receptors, resulting in inhibition of the proteosomal degradation of beta-catenin [@B18]. Transcriptionally active (dephosphorylated) beta-catenin accumulates, interacts with LEF/TCF DNA-binding proteins [@B18]-[@B27], and the resulting complexes drive transcription from genes with LEF/TCF binding sites. This WNT/catenin transcriptional activity can be measured with WNT-sensitive reporter constructs [@B25],[@B26]. Constitutively active WNT/catenin signaling, supported by mutations in the *adenomatous polyposis coli* (*APC*) and*beta-catenin*genes [@B25]-[@B27], promotes colonic cell proliferation and tumorigenesis; whereas, relatively high and relatively low levels of WNT/catenin activity lead to CRC cell apoptosis [@B1],[@B2],[@B17],[@B28],[@B29]. Therefore, WNT/catenin activity can be viewed as a gradient, within which absence of detectable WNT signaling results in terminal differentiation and apoptosis, relatively low levels maintain controlled self-renewal (as in stem cells), moderate levels promote uncontrolled cell proliferation, and relatively high levels of signaling lead to enhanced apoptosis.

The association between beta-catenin and the transcriptional coactivators CREB-binding protein (CBP) and p300 influences WNT signaling [@B30]-[@B35]. CBP is a histone acetyl transferase (HAT) that has both positive and negative effects on WNT/catenin signaling in vertebrate cell lines [@B30]-[@B39]. The interaction between CBP and WNT signaling can be dissected utilizing the small molecule inhibitor ICG-001, which binds to CBP but not to p300 [@B30]. Treatment of CRC cells with ICG-001 suppresses the association between CBP and beta-catenin without blocking p300/beta-catenin association, and ICG-001 was shown to downregulate basal WNT/catenin reporter activity in CRC cells [@B30]. ICG-001 inhibited CRC cell proliferation, and in SW480 CRC cells, ICG-001 increased caspase activity, indicative of enhanced apoptosis [@B30]. The expression of *survivin* (an anti-apoptotic gene) is enhanced by CBP-WNT/catenin activity, an effect which is blocked by ICG-001 [@B33]. In addition, a water soluble version of ICG-001 reduced the formation of intestinal neoplasms in the APC^Min^ mouse model of CRC, demonstrating preliminary *in vivo*efficacy [@B30]. An ICG-001 analog has advanced to stage one clinical trials [@B40], emphasizing the clinical relevance of studying the mechanisms of the agent and the interactions between CBP and WNT/catenin activity. These interactions likely affect the function of the HDACi butyrate on WNT/catenin activity and physiology of CRC cells.

HDACis, including butyrate, hyperinduce WNT/catenin activity and apoptosis in CRC cells [@B1],[@B2],[@B17],[@B28],[@B29]. Both HDACis and HATs result in net acetylation of cellular proteins. Blocking CBP-mediated WNT/catenin signaling may suppress or enhance the effects of butyrate. Since treatment of CRCs with ICG-001 and its analogs affects the colon, where dietary fiber-derived butyrate is present at high levels (up to 10 mM), analyzing how ICG-001 and butyrate interact to influence the physiology of CRC cells is important.

In the present study, we demonstrate that the high levels of WNT/catenin activity induced by the HDACi butyrate are repressed by ICG-001, thus implicating CBP in WNT/catenin hyperactivation. Consistent with previous reports [@B1],[@B2],[@B17],[@B28],[@B29], apoptosis is influenced by the modulation of butyrate-induced WNT signaling; however, cotreatment with butyrate and ICG-001 has cell type-specific effects on CRC cell apoptosis. In conclusion, the modulation of WNT/catenin activity by butyrate, a fermentation product of dietary fiber, is dependent upon CBP, and the combination of butyrate and ICG-001-like agents promotes or interferes with apoptosis in a cell type-specific manner. Since synthetic HDACis that are currently in clinic mimic the effects of butyrate on WNT signaling and apoptosis [@B2], it is likely that the effects of a combination of clinically available HDACis and ICG-001 also depend upon the CRC cell phenotype, and its underlying mutations. Therefore, altering the levels of CBP-WNT activity in the context of diet-derived butyrate or other HDACis may lead to novel preventive and/or therapeutic approaches against CRC.

Materials and Methods
=====================

Reagents
--------

Sodium butyrate was obtained from Sigma, ICG-001 was provided by Dr. Michael Kahn (USC, Los Angeles, CA); ICG-001 was also obtained from Selleckchem.

Cell lines, Plasmids, siRNA, Transfection, reagent treatment
------------------------------------------------------------

Cell lines were obtained from the ATCC and cultured as described previously [@B1],[@B2]. The TOPFlash and FOPFlash vectors were described previously [@B1],[@B2],[@B25],[@B26]. HCT-116 and SW620 cells were transfected with the TOPFlash (wild-type) and FOPFlash (mutant) luciferase reporter vectors along with the normalization vector pRLTK (Promega) using Lipofectamine 2000 as previously described [@B1],[@B2]. Cells were treated with 5 mM sodium butyrate or mock-treated for 17.5 hr along with small molecule inhibitor ICG-001 [@B30], or DMSO vehicle at the indicated for each experiment concentrations. Cells were lysed and assayed for reporter expression by the Dual Luciferase system (Promega) as previously described [@B1],[@B2].

Apoptosis
---------

Apoptotic analyses were performed using the caspase 3/7 Caspase-Glo luciferase system (Promega) [@B30]. 20,000 HCT-116 or SW620 cells/well in a 96 well plate were plated and the next day treated with 75 μM or 100 μM ICG-001, 5 mM sodium butyrate, both agents, or mock treated 24 hr, a time point which we have found yields optimal butyrate-induced apoptosis subsequent to WNT hyperactivation [@B1],[@B2]. The next day caspase 3/7 activity was measured with the Caspase Glo kit (Promega) according to manufacturer\'s instructions. Statistical analyses of caspase data was performed on background corrected raw data.

Coimmunoprecipitation
---------------------

For CBP/p300-beta-catenin coimmunoprecipitations, HCT-116 or SW620 cells were incubated overnight (17.5 hr) with or without ICG-001, and nuclei were isolated with the Nuclei EZ Prep kit (Sigma). Nuclear pellets were lysed in SDS-containing buffer [@B1],[@B2], and 100 μg nuclear protein extract was diluted to 1 mL in coimmunoprecipitation (Co-IP) buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, and Sigma protease inhibitor cocktail). Two μg of either CBP (sc-369, Santa Cruz Biotechnology) or p300 (sc-584, Santa Cruz Biotechnology) antibody were added to the protein samples, and incubated overnight at 4^o^C with rotation. Fifty μL of a 50% protein A/G-agarose bead slurry (equilibrated in Co-IP buffer) were added, and after 1h-incubation at 4^o^C, the beads were washed three times (0.5 ml per wash) with Co-IP buffer and extracted with 30 μL of Laemmli buffer. Western blotting was performed, and total beta-catenin was detected using a mouse monoclonal antibody (sc-53483, Santa Cruz Biotechnology).

Western blot
------------

Western blotting was performed as previously described [@B1],[@B2], using the antibodies described above, as well antibodies for p21 (sc-6246, Santa Cruz Biotechnology), survivin (SC-17779, Santa Cruz Biotechnology), and Actin (A-5441, Sigma).

Proliferation assays and cell cycle analysis
--------------------------------------------

Proliferation assays were performed with the QuickCell Proliferation kit (Biovision), according to manufacturer\'s instructions. Statistical analyses of proliferation data was performed on background corrected raw data. Cell cycle analysis was performed with propidium iodide treatment; for flow cytometry, the propidium iodide was excited at 488 nm, and its fluorescence collected between 620 and 650 nm.

Analysis of high/low Wnt cell fractions
---------------------------------------

HCT-116 cells were stably transfected with TOP-EGFP and FOP-EGFP [@B1], selected and maintained in G418. Flow cytometry analyses of cells into WNT/catenin-positive and WNT/catenin-negative fractions based on expression of enhanced green fluorescent protein, driven by WNT/beta-catenin dependent promoter has been described previously [@B1]. Untransfected HCT-116 cells were used as EGFP-negative controls to set gating.

Statistics
----------

Student\'s T-test was utilized to determine statistical significance (P \< 0.05).

Results
=======

Levels of CBP in mock- and butyrate-treated CRC cells
-----------------------------------------------------

The primary objective of this study was to evaluate how ICG-001 abrogation of CBP/beta-catenin association modulates the hyperactivation of WNT/catenin activity and apoptosis in CRC cells exposed to butyrate. Therefore, we first established the steady-state levels of CBP in two commonly used CRC cell lines in the presence or absence of 5 mM butyrate, a physiologically relevant concentration which induces apoptosis in butyrate-sensitive CRC cells [@B1],[@B2],[@B17], [@B28],[@B29] (Fig.[1](#F1){ref-type="fig"}). We analyzed SW620 cells (*APC*mutant) and HCT-116 cells (*beta-catenin* mutant) cells. Immunoblot analyses revealed that the two cell lines express CBP at variable levels.

Butyrate-mediated hyperactivation of WNT/catenin signaling, induction of apoptosis, and repression of cell proliferation are influenced by ICG-001
--------------------------------------------------------------------------------------------------------------------------------------------------

The effects of butyrate on WNT signaling and apoptosis may be mediated differently by the association of CBP with beta-catenin. First, we measured WNT/catenin transcriptional activity in cells treated with ICG-001, an inhibitor of the CBP/beta-catenin association [@B30], in the presence or absence of butyrate.

Titration experiments demonstrated that 17.5 hr treatment with 75 μM or 100 μM ICG-001 results in optimal inhibition of WNT signaling in HCT-116 cells or SW620 cells, respectively (data not shown). The concentrations of ICG-001 required for efficient knockdown of WNT/catenin activity in our study were somewhat higher than previously reported [@B30]. Therefore, we performed coimmunoprecipitation analyses to evaluate CBP/beta-catenin and p300/beta-catenin association in HCT-116 and SW620 cells treated with 75 μM or 100 μM ICG-001. These experiments ascertained that these concentrations of ICG-001 disrupt CBP/beta-catenin, but not p300/beta-catenin, association, as previously reported with lower concentrations of this agent [@B30]. As expected, treatment of HCT-116 cells with 75 μM ICG-001 decreased CBP/beta-catenin association without affecting p300/beta-catenin association (Fig. [2](#F2){ref-type="fig"}A). Treatment of SW620 cells with 100 μM ICG-001 also effectively abolished the CBP/beta-catenin association; however, in these cells we did not detect p300/beta-catenin association with or without treatment with ICG-001 (Fig.[2](#F2){ref-type="fig"}B). These data confirm the ability of ICG-001 to specifically target CBP/beta-catenin association at the concentrations utilized.

HCT-116 and SW620 cells both exhibit enhanced WNT/catenin activity and apoptosis when exposed to a physiologically relevant concentration (5 mM) of butyrate [@B1],[@B2]. Therefore, to ascertain how CBP influences butyrate-mediated WNT hyperactivation, we treated these CRC cell lines with ICG-001 and 5 mM butyrate (Fig.[3](#F3){ref-type="fig"}A). In agreement with previous findings [@B1],[@B2], WNT/catenin activity was markedly enhanced by exposure to 5 mM butyrate (P\<0.01). Treatment with ICG-001 alone reduced WNT/catenin activity compared to mock-treated HCT-116 cells (P\<0.05). Butyrate/ICG-001 cotreatment resulted in low levels of WNT/catenin activity, markedly lower than that observed with butyrate alone (P \< 0.01). However, butyrate/ICG-001 cotreatment resulted in a 2.9-fold enhancement of WNT/catenin activity compared to ICG-001 alone (P\<0.005), demonstrating that butyrate retains the ability to upregulate WNT signaling in the presence of ICG-001.

Similar to HCT-116 cells, SW620 CRC cells exhibit an upregulation of WNT/catenin activity and apoptosis in the presence of butyrate [@B1]. ICG-001 was used to ascertain effects of CBP on the ability of butyrate to hyperactivate WNT/catenin signaling in SW620 cells (Fig. [3](#F3){ref-type="fig"}B). Consistent with previous findings [@B1],[@B2], WNT/catenin activity in SW620 cells was enhanced by exposure to 5 mM butyrate (P\<0.02). Treatment with ICG-001 alone reduced WNT/catenin activity compared to mock-treated cells (P \< 0.001). Butyrate/ICG-001 cotreatment resulted in levels of WNT/catenin activity, significantly lower than what was observed with butyrate alone (P \< 0.02). However, cotreatment resulted in enhanced WNT/catenin activity compared to ICG-001 alone (P \< 0.001). The findings from both cell lines indicate that (a) CBP activity is required for the high levels of WNT signaling observed in butyrate-treated HCT-116 and SW620 CRC cells, and (b) although ICG-001 sharply reduces WNT/catenin signaling in these cells, this repressed activity is still upregulated by cotreatment with butyrate.

The clinical use of ICG-001-like agents against CRC [@B40] may be influenced by dietary factors. For example, dietary fiber is fermented to butyrate, which modulates WNT/catenin activity in a manner opposite of that of ICG-001. Conversely, ICG-001, by repressing WNT/catenin hyperactivation, may interfere with the ability of butyrate to induce apoptosis. Therefore, we measured the effects of cotreatment of ICG-001 and butyrate on apoptosis in HCT-116 (Fig. [3](#F3){ref-type="fig"}C) and SW620 (Fig. [3](#F3){ref-type="fig"}D) cells. Consistent with previous studies on ICG-001 [@B30], we measured activation of caspase 3/7, a downstream event in the apoptotic cascade. 75 μM ICG-001 alone did not induce caspase activity in HCT-116 cells; however, caspase activity was upregulated upon cotreatment with butyrate. The induction of apoptosis with butyrate/ICG-001 cotreatment was approximately 7-fold higher compared to ICG-001 alone (P\<0.002), and markedly higher than mock treated control (P\<0.03). As expected, treatment with butyrate alone induced caspase activity compared to control (P\<0.02). The level of caspase activity observed with butyrate/ICG-001 cotreatment was statistically equivalent (slightly increased, not statistically) to that produced by butyrate alone. Thus, ICG-001 did not interfere with the ability of butyrate to upregulate apoptosis in HCT-116 cells. In SW620 cells, treatment with 100 μM ICG-001 did not induce caspase activity. Butyrate/ICG-001 cotreatment enhanced caspase activity 7-fold compared to ICG-001 alone (P \< 0.002), and 6-fold higher than control (P\<0.002). However, in SW620 cells, ICG-001 interfered with butyrate-induced apoptosis, as butyrate/ICG-001 cotreatment reduced caspase activity by approximately one-half compared to butyrate treatment alone (P\<0.003).

HCT-116 and SW620 cells are common *in vitro* models for CRC, and SW620 cells are frequently utilized to generate xenograft mouse models. Therefore, we further analyzed the effects of butyrate/ICG-001 cotreatment in the two cell lines. Cell proliferation has been positively linked to the induction of apoptosis (41, 42 and refs. therein), and it has been reported that ICG-001 inhibits CRC cell proliferation [@B30]. Therefore, we evaluated the effects of treatment with butyrate, ICG-001, or both agents on HCT-116 and SW620 cell growth/viability. Butyrate treatment of the HCT-116 cell line reduced the numbers of viable cells (P \< 0.02) and exposure to ICG-001 led to a larger decrease in cell proliferation (P \< 0.002). Cotreatment with both agents resulted in the least cell growth compared to mock treated cells (P \< 0.001). Treatment with butyrate also reduced the numbers of viable SW620 cells (Fig. [4](#F4){ref-type="fig"}B) compared to mock treatment (P \< 0.01); exposure to ICG-001 reduced cell proliferation to a greater extent, to 29% of mock treated samples (P \< 0.005). Cotreatment with both butyrate and ICG-001 resulted in the lowest percentage of viable cells, only 8.8% of that observed with mock treatment (P \< 0.001). SW620 cells were more sensitive to the effects of ICG-01 on cell proliferation/viability than HCT-116 cells.

Cell cycle progression can influence apoptosis (41, 42 and refs. therein) Butyrate-treated SW620 cells demonstrate a marked G~1~ arrest which is abrogated by cotreatment with ICG-001, while HCT-116 cells exhibit moderate G~2~ arrest which is partially downregulated by ICG-001 (data not shown). We next determined how treatment of HCT-116 and SW620 cells with butyrate and/or ICG-001 modulates the expression of p21, which induces cell cycle arrest (Fig. [4](#F4){ref-type="fig"}C). Butyrate is known to upregulate p21 expression; as expected we detect increased steady state levels of p21 in butyrate-treated HCT-116 and SW620 cells. ICG-001 treatment downregulates expression of p21, particularly in SW620 cells, which is consistent with the effect of this agent in partially reversing SW620 cell G~1~ arrest. Levels of p21 are markedly lower in SW620 cells treated with both agents compared to HCT-116 cells. We also assessed effects of butyrate/ICG-001 cotreatment on expression of survivin (Fig. [4](#F4){ref-type="fig"}C), an anti-apoptotic factor downregulated by ICG-001 in certain CRC cell lines [@B33]. As expected, ICG-001 downregulates survivin levels in both CRC cell lines; in contrast, butyrate markedly downregulates survivin expression in HCT-116, but not SW620, cells. Therefore, butyrate and ICG-001 can cooperate in the suppression of CRC cell growth, but combinations of these agents have different cell-type specific effects on CRC cell apoptosis.

Effects of ICG-001 on the WNT/catenin signaling heterogeneity in CRC cell lines
-------------------------------------------------------------------------------

CRC cell populations are heterogeneous in terms of WNT signaling levels. The existence of high and low WNT/catenin activity fractions in CRC cell populations *in vitro* is a well-documented phenomenon, and the relative proportions of each fraction is altered by physiologically relevant concentrations of butyrate [@B1],[@B2]. The modulation of WNT/catenin signaling heterogeneity by butyrate is likely of physiological and clinical relevance, since tumor cell fractions with relatively higher WNT/catenin activity are thought to represent a more stem cell-like and tumorigenic phenotype [@B43]. Considering the potential clinical application of ICG-001 and its analogs [@B40], we decided to evaluate how exposure of CRC cells with ICG-001 (a) alters the distribution of high and low WNT/catenin activity cell fractions, and (b) modifies the ability of butyrate to affect these fractions. We posited that ICG-001, which significantly represses WNT/catenin hyperactivation by butyrate in reporter assays, will suppress the number of CRC cells with relatively high (detectable) WNT/catenin activity.

We have developed HCT-116 CRC cell lines stably transfected with TOP-EGFP (in which WNT sensitive promoter drives the expression of EGFP) or FOP-EGFP (in which WNT-non responsive promoter drives the expression of EGFP). Flow cytometry analyses of EGFP expression levels therefore determine the percentage of high-WNT activity "WNT-positive" cells: these are cells in which WNT activity-driven EGFP expression exceeds that of EGFP driven by non-WNT (background) activity [@B1]. In our analyses, mock- and butyrate-induced levels of WNT-positive HCT-116 cells were similar to that previously reported, and butyrate sharply increased the percentage of WNT-positive cells (P \< 0.002). Importantly, the butyrate-induced increase of WNT-positive HCT-116 cells was completely eliminated by cotreatment with ICG-001 (P\<0.001). Therefore, in HCT-116 cells exposed to physiological levels of butyrate, ICG-001 eliminates the hyperinduction of WNT transcriptional activity (Fig. [5](#F5){ref-type="fig"}), and the increase in the number of WNT/catenin-positive cells.

Discussion
==========

Our findings demonstrate that the upregulation of WNT/catenin signaling by butyrate is dependent upon CBP-mediated WNT/catenin activity. ICG-001, an agent that disrupts the association between CBP and beta-catenin (Fig. [2](#F2){ref-type="fig"}) [@B30], markedly inhibits butyrate-induced WNT/catenin activity. The role of CBP in buffering WNT/catenin activity suggests that modulation of CBP activity can upregulate or downregulate WNT signaling to affect the cellular phenotype (e.g., proliferation, apoptosis or differentiation). ICG-001 has *in vivo* efficacy in mouse models of CRC [@B30]; further, this agent and similar CBP-WNT inhibitors are entering clinical trial for colon and other cancers [@B40]. Therefore, since ICG-001 has significant therapeutic potential, we evaluated how the agent influences two physiological consequences of the WNT/catenin signaling hyperactivation by butyrate: (a) changes in the number of WNT-positive cells in CRC cell populations, and (b) induction of CRC cell apoptosis.

CRC cell populations *in vitro* exhibit heterogeneity in terms of WNT/beta-catenin levels, and the proportion of WNT-positive cells is increased after exposure to physiologically relevant concentrations of butyrate [@B1]. In this study, we demonstrate that the WNT-positive (high-WNT) subpopulation of HCT-116 cells is reduced by ICG-001, and the butyrate-induced increase in WNT-positive cells is completely abrogated by ICG-001 treatment (Fig. [5](#F5){ref-type="fig"}). This is significant, since cells with WNT activity are linked to a more stem cell-like and tumorigenic phenotype [@B43]. Our findings suggest the possibility of using modulation of CBP-mediated WNT activity to transition CRC cells to less tumorigenic types, with positive consequences for CRC therapy.

The effects of ICG-001 on butyrate-induced CRC cell apoptosis were cell type-dependent (Fig. [3](#F3){ref-type="fig"}). The levels of caspase activity in HCT-116 cells cotreated with both butyrate and ICG-001 are equal to or greater than that observed with butyrate alone. In SW620 cells, fold-induction of caspase activity was higher in butyrate/ICG-001- than in ICG-001-treated cells (Fig. [3](#F3){ref-type="fig"}B,D). However, caspase activity in SW620 cells exposed to butyrate/ICG-001 was significantly lower than that observed in butyrate-treated cells (Fig. [3](#F3){ref-type="fig"}D). ICG-001, known to suppress CRC proliferation [@B30], affects proliferation of SW620 cells to a greater extent compared to HCT-116 cells (Fig. [4](#F4){ref-type="fig"}A,B). Since cell proliferation, but not growth arrest, positively associates with the induction of apoptosis [@B44]-[@B47], the more potent cytostatic effect of ICG-001 on SW620 cells may explain the interference of the agent with butyrate-induced apoptosis.

Therefore, in some CRC cell lines, ICG-001 may interfere with butyrate-induced changes in cell cycle, and thus, block the induction of apoptosis. We have observed significant differences in cell cycle progression between HCT-116 and SW620 cells (data not shown). Butyrate induces G~2~ arrest in HCT-116 cells, however, in SW620 cells butyrate primarily results in G~1~ arrest, and the level of G~1~ arrest is reduced by ICG-001 treatment. ICG-001 also interferes with the ability of butyrate to induce expression of p21 (Fig. [4](#F4){ref-type="fig"}C), which promotes cell cycle arrest, and this effect of ICG-001 is particularly pronounced in SW620 cells. Therefore, cell cycle variations between CRC cell lines exposed to ICG-001/butyrate may contribute to the observed differences in apoptosis. HCT-116 and SW620 cells also differ in patterns of expression of the anti-apoptotic factor survivin (Fig. [4](#F4){ref-type="fig"}C). Consistent with previous reports [@B33], ICG-001 downregulates survivin expression in both CRC cell lines. In contrast, butyrate markedly downregulates survivin expression in HCT-116, but not in SW620, cells. These differences in survivin expression may also contribute to differential effects of butyrate/ICG-001 exposure on apoptosis in HCT-116 and SW620 cells. Our hypothesis of how CBP/beta-catenin mediates the effects of ICG-001 and butyrate on CRC cells is outlined in Fig. [6](#F6){ref-type="fig"}.

Our findings indicate that the combination of butyrate and ICG-001-like agents is effective in suppressing CRC cell growth (Fig. [4](#F4){ref-type="fig"}), which is of therapeutic utility. However, apoptosis is generally preferable to cytostatis for therapy; therefore, butyrate/ICG-001 cotreatment should be avoided in CRCs in which ICG-001-like agents and butyrate counteract each other\'s effect on apoptosis. Since butyrate is produced by dietary fiber, the effects of a fiber-rich diet on the anti-tumor activity of ICG-001-like agents should be investigated through animal studies. We speculate that a subset of CRC patients should be treated with ICG-001-like agents in fasting state, or at least on a diet that does not include fiber. In addition, butyrate-sensitive CRCs may benefit from alternating exposure to HDACis (WNT-hyperactivation therapeutic mode) and ICG-001-like agents (WNT-suppressive therapeutic mode) [@B48].

Thus, the findings of our study have chemopreventive and therapeutic significance. Increased understanding of CBP-mediated WNT signaling will also improve the utility of agents (e.g., HDACis), the activity of which is modulated by CBP. Our findings also suggest that butyrate derived from dietary fiber interferes with the apoptotic action of ICG-001-like agents, and *vice versa*; therefore, these interactions should be taken into account in future clinical trials. A follow-up study will examine the role of the HAT factor p300 in mediating butyrate-induced WNT hyperactivation and its downstream physiological consequences.
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![**Expression of CBP in CRC cell lines.**The indicated CRC cell lines were left untreated or treated overnight (17.5 hr) with 5 mM butyrate, total protein was isolated, and analyzed with western blot, with anti-CBP antibody. Actin was used as a loading control. Mock treated (M), butyrate treated (B). Representative data are shown.](jcav04p0481g01){#F1}

![**Coimmunoprecipitation analysis of HCT-116 and SW620 cells treated with ICG-001**. (A) Coimmunoprecipitation of HCT-116 CRC cells, performed as described in Materials and Methods, using 75 μM ICG-001. Anti-CBP or anti-p300 antibody was used for the immunoprecipitation and beta-catenin was detected with an anti-beta-catenin antibody after SDS-PAGE. (B) Coimmunoprecipitation assay, similar to that described in (A), showing activity of 100 μM ICG-001 against CBP-beta-catenin association in SW620 CRC cells. Representative coimmunoprecipitation data are shown.](jcav04p0481g02){#F2}

![**Effects of ICG-001 on butyrate-mediated WNT signaling and apoptosis in CRC cells**. (A) ICG-001 inhibits butyrate-induced WNT activity in HCT-116 cells. HCT-116 cells were transfected with TOP/FOPFlash reporter vectors and with pRLTK for normalization of transfection efficiency. After 5 hours cells were mock treated (M) or treated with 75 μM ICG-001 (I), 5 mM sodium butyrate (B) or both agents (IB) 17.5 hr. WNT signaling measured by the ratio of luciferase expression from TOPFlash (T) to FOPFlash (F) is shown (B) ICG-001 inhibits butyrate-induced WNT activity in SW620 cells. Experiment was performed as in (A). (C) Butyrate potentiates apoptosis mediated by ICG-001 in HCT-116 cells. The fold induction of caspase activity compared to mock treated control is shown for butyrate-treated (B), ICG-001 treated (I) and cells cotreated with both reagents (IB). (D) ICG-001 interferes with butyrate-induced apoptosis in SW620 cells. Experiment was performed as in (C). For (A)-(D), data are for three separate experiments; Bars, SDs; \* = statistical significance.](jcav04p0481g03){#F3}

![**Possible relationship between CRC cell proliferation and apoptosis.**(A) HCT-116 CRC cells were mock treated (M) or treated with 5 mM butyrate (B), 75 μM ICG-001 (I) or both agents (BI) for 24 hr. Samples were assayed with the QuickCell Proliferation kit (Biovision) according to manufacturer\'s instructions. (B) SW620 cells were assayed for proliferation as in (A), except that the ICG-001 concentration was 100 μM. (C) Western blot data showing expression of p21 and survivin in HCT-116 (H) and SW620 (S) CRC cells mock treated (M) or treated with 5 mM butyrate (B) , 75 (HCT-116) or 100 mM (SW620) ICG-001 (I), or both agents (BI) for 17.5 hr. For (A)-(B), data are from three separate experiments; Bars, SDs. \* = statistical significance.](jcav04p0481g04){#F4}

![**ICG-001 represses the high-WNT signaling fraction of CRC cells induced by butyrate.**HCT-116 cells stably transfected with TOP-EGFP and FOP-EGFP [@B1], were mock treated (M) or treated with 5 mM butyrate (B), 75 μM ICG-001 (I) or both agents (IB) 17hr. Data are from three separate experiments; Bars, SDs. \* = statistical significance.](jcav04p0481g05){#F5}

![**Central role of CBP/beta-catenin in the effects of butyrate on CRC cells.** (Center). The association between CBP and beta-catenin, which is blocked by ICG-001, contributes to basal WNT/catenin activity and is required for butyrate-induced WNT hyperactivation. The hyperactivation of WNT/catenin activity mediated by butyrate enhances apoptosis. (Left) Butyrate-mediated WNT hyperactivation increases the proportion of cells exhibiting high levels of WNT/catenin activity, which may influence tumorigenesis. ICG-001 represses WNT hyperactivation and decreases the proportion of high-WNT activity cells. (Right Top). Both ICG-001 and butyrate repress CRC cell proliferation. (Right Bottom). Treatment of SW620 CRC cells with ICG-001 induces a strong cell cycle arrest, which may interfere with butyrate-mediated apoptosis. This negative interaction between ICG-001 and butyrate may involve altered expression of factors such as p21. In HCT-116 cells, butyrate downregulates expression of the anti-apoptotic factor survivin, and in this cell line, ICG-001 does not interfere with butyrate-induced apoptosis. Arrows indicate positive interactions (activation); blocked lines indicate negative interactions (repression).](jcav04p0481g06){#F6}
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